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Abstract
Replica scaled impact experiments with unconfined ceramic targets have shown that the transition velocity, i.e., the impact velocity at which
interface defeat ceases and ceramic penetration occurs, decreased as the length scale increased. A possible explanation of how this scale effect is
related to the formation of a cone crack in the ceramic has been presented by the authors in an earlier paper. Here, the influence of confinement
and prestress on cone cracking and transition velocity is investigated. The hypothesis is that prestress will suppress the formation and growth of
the cone crack by lowering the driving stress. A set of impact experiments has been performed in which the transition velocity for four different
levels of prestress has been determined. The transition velocities as a function of the level of confining prestress is compared to an analytical model
for the influence of prestress on the formation and extension of the cone crack in the ceramic material. Both experiments and model indicate that
prestress has a strong influence on the transition from interface defeat to penetration, although the model underestimates the influence of prestress.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
The high strength of armour ceramics [1–3] makes it pos-
sible to partially or totally defeat high velocity projectiles
directly at the surface of the ceramic material. This phenom-
enon is called interface defeat or dwell [4–17] and is an impor-
tant defeat mechanism in, e.g., light armour applications.
One limitation when applying this in heavier armour designs
is that it appears to be length scale dependent. Replica scaled
impact experiments with unconfined ceramic targets show that
the transition velocity, i.e., the velocity at which interface defeat
ceased and ceramic penetration occurred, decreased as the
length scale increased [11]. A probable explanation of the
observed scale effect is that although maximum shear strength
determines the upper bound for the transition from interface
defeat to penetration, it is usually limited by the formation and
growth of macroscopic cracks. Since the crack resistance of
ceramic materials decreases with increasing length scale, in
contrast to the otherwise scale-invariant stress field, the exten-
sion of a crack to a critical size will occur at a lower impact
velocity in a larger target. An analytical model in [11] for the
influence of length scale on the growth of a cone shaped modus
I crack in thick unconfined ceramic targets gave reasonable
results compared to the replica scaled impact experiments.
The model showed that the projectile pressure at transition, i.e.,
the impact velocity at which the contact pressure exceeds the
strength of the ceramic material and penetration initiates, is
proportional to one over the square root of the length scale.
A possible way to suppress the formation and growth of mac-
roscopic cracks is to prestress the ceramic material. The influence
of prestress and the related failure modes of impacted ceramics
have been studied by several authors. The papers [18–20] report
experimental data on small calibre projectiles impacting thin
prestressed ceramics (i.e., the thickness is of the same order as
the diameter of the projectile). These studies show that prestress
reduces damage in the form of fewer macroscopic cracks and that
the trajectory of possible cone cracks becomes shallower. An
increase in protective performance was also observed. The
papers [8,9] report experimental data on model scale long rod
projectiles impacting thick ceramic targets (i.e., the thickness is
much larger than the diameter of the projectile). The experiments
in [8] with large and heavily confined and prestressed targets
showed similar interface defeat velocities as small, unconfined
targets in [9]. This indicates the need of prestress in larger targets.
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Holmquist and Johnson [21] and later Runqiang et al. [22] con-
ducted a computational study on the responses of a small scale
thick prestressed ceramic target tested by Lundberg et al. [7].
Various levels of prestress and stress states were simulated. Their
studies showed that prestress enhanced the performance and that
the velocity at which ceramic penetration occurred, i.e., the tran-
sition velocity, could be increased by prestress.
This paper explores the influence of a radial confining pre-
stress on the transition from interface defeat to penetration for
a thick ceramic target. Although the physical background of the
influence of prestress on the transition velocity in ceramic
targets is not fully explained, impact experiments as well as
modelling indicate that it is intimately linked to ceramic frac-
ture. A hypothesis proposed in [11] is that the centre part of the
ceramic suddenly loses radial support as a result of the cone
cracking. A confining prestress will suppress the growth of the
cone crack by lowering the stress intensity over the crack tip. In
order to overcome this virtual toughening of the ceramic, the
projectile pressure on the surface of the target must be
increased relative to that for an unconfined target in order to
initiate critical fracture. A set of impact experiments have been
performed in which the transition velocities for four different
levels of prestress were determined. Two grades of silicon
carbide ceramics with slightly different mechanical properties
were used. The experimental technique used is presented in the
paper together with the determined transition velocities versus
radial confining prestress. The experimental data are compared
to an extended version of the model presented in [11].
2. Model of cone crack under confining prestress
The influence of a radial confining prestress on the formation
and extension of a cone shaped crack to a critical size is
approximated in the model by the assumption that the crack
extension occurs along a surface of principal stress. The normal
stress on this surface is calculated for the case of an axi-symmetric
contact pressure from a projectile in a state of interface defeat and
for a radial confining prestress, respectively. The critical normal
stress for propagating the crack is determined through: (i) a stress
intensity factor at the tip of the crack and (ii) a function of the
influence of external load and geometry on the path of the crack.
The detailed description of the present model is divided into
four sections: 2.1 Projectile contact pressure and stresses in the
target, 2.2 Principal surfaces and stresses, 2.3 Crack initiation
and propagation under confining prestress and 2.4 Crack
opening under confining prestress.
2.1. Projectile contact pressure and stresses in the target
A long cylindrical projectile is assumed to flow axi-
symmetrically on the flat and friction-free surface of an other-
wise unbounded, but radially prestressed target, see Fig. 1. The
flow and the loading on the surface are steady, i.e., the initial
transient part of the impact process is not considered. The
target material is linearly elastic with Young’s modulus E and
Poisson’s ratio ν, respectively. The material of the projectile is
linearly elastic and perfectly plastic with bulk modulus Kp,
yield strength σ yp and density ρp.
With the assumption that the effects of yield strength and
compressibility are small relative to that of inertia, the axi-
symmetric contact pressure of projectile load can be approxi-
mated [7] by
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Here v0 is the impact velocity of the projectile and qp is the
stagnation pressure of an ideal fluid with density ρp. The
dimensionless parameters α >> 1 and β << 1 relate elastic and
plastic effects to the effect of inertia. The influence of β in Eq.
(1) is evaluated from simulations in [17] and the radial distri-
bution of q r( ) is taken from a low-velocity water jet [7].
The stress field σ ij r z,( ) of projectile pressure p in the semi-
infinite elastic target half-space, is expressed by a Boussinesq’s
potential as
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where Iij is an influence-function (negative in compression) for
a point load of the amount of p d dς ς υ at a surface point υ ς,( ),
with p according to Eq. (1). Indices i j, are the generic spatial
variables r, φ, and z and A is the radius ς of the circular limit of
the distribution of projectile pressure. The radial stress
component σ rr is affected by the confining prestress pcf so that
the stress components from projectile and confinement together
are expressed as
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Fig. 1. Projectile shape (solid line), axi-symmetric pressure of projectile (dotted
line) and crack trajectory in target (gray) during a state of interface defeat.
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2.2. Principal surfaces and stresses
The assumed crack path along the principal surface z r1( ) is
determined as
dz
dr
r z1 10 0 0
2
= < ≤ ≤ <tan , ,θ θ π (6)
where θ r( ) is the angle between z r1( ) and the target surface
z= 0 . The target surface is a principal surface since friction
free, thus θ = π 2 for z= 0. Rewriting Eq. (6), by the use of
tan tan tan2 2 1 2θ θ θ= −( ) , Eq. (5) and the well-known
expressions for stress-geometry on principal surfaces gives
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where the sign is chosen so that the resulting surface crosses
the target surface perpendicularly. The crack arc length c r( )
along the surface z r1( ), the principal stresses σ1, σ 2 and σ3
(normal and tangential to this surface) and the strain ε1, are
expressed as
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The principal surface z r1( ) is chosen in such a way that the
stress σ1 is tensile on z r1( ).
2.3. Crack initiation and propagation under
confining prestress
The maximum tensile stress at radius r r= i on the surface of
the target initiates fracture for
σ σt i≤ ( )1 0r , (10)
and propagates the crack along z r1( ) as long as σ1 exceeds a
critical stress σ c. The critical stress will be determined through
a stress intensity factor for small crack extension c, as
K ch r r p pI i cf= < ≤σ1 00π , ,  (11)
where h is a function of external load and geometry. Although
not explicitly mentioned in [11], h was found to correspond to
unit value for pcf = 0. Since the geometry and loading
conditions here are similar to the one used in [11], except for
the radial confining prestress 0< pcf , h is sought as a function
of pcf and p0 in such a way that the criterion of crack
propagation and the critical stress σ c can be written in
comparison to that for pcf = 0 as
K K
K
c r h p p
p p
I Ic
c
Ic
cf
cf
>
≡
( ) ( )
≤σ
π
1
0
0
0
,
, , (12)
where K1c is the fracture toughness of the ceramic material.
Eqs. (7)–(12) result in an equation for critical crack extensions
rc as roots of the equation
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A more explicit expression of parameter influence in Eq.
(13) is achieved by the use of dimensionless variables. The
principal stress σ1, confining prestress pcf , crack arc length c
and spatial coordinates r, z are expressed in units of projectile
pressure p0 and radius a through σ σ1 0 1= ( )p r , p p pcf cf= 0 ,
c ac r= ( ) , Eq. (8) and r ar= , z az= , respectively. The over-
bar sign designates dimensionless.
Introducing dimensionless variables into Eq. (13) gives a
relation between the projectile radius a and a critical projectile
pressure. This critical projectile pressure corresponds to the
development of a cone crack with radial extension rc and is
named the transition pressure p0
∗ where the superscript * is
used to denote critical/threshold quantities. The transition pres-
sure corresponds to the transition velocity v0
∗ via Eqs. (1)–(3)
and is here assumed to be the lowest bound for transition from
interface defeat to penetration for different levels of confining
prestress pcf according to
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where the right hand member of Eq. (14) is valid for roots
r arc c= of Eq. (13).
The transition pressure p0
∗ for a confined target relative to
that of zero confinement is approximately expressed as
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Eq. (15) is valid for 0 1< −r ric  and a given pcf . It is
thereby utilised that a change in the principal surface z1 close to
the crack initiation radius ri can be neglected as a function of
pcf 1 , and that this is equally valid for the crack arc length
c 1 so that c cancels out, resulting in Eq. (15).
2.4. Crack opening under confining prestress
Consider a sub-critical crack and its expansion to a stable,
open crack and that the projectile force act to propagate the
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crack and the force of confining prestress is counteracting the
crack propagation. The function of external load and geometry
h in Eq. (11) is approximated through the opening process of
the crack, that is, the change ΔU of the accessible part U of the
internal elastic energy of the ceramic material. The energy term
ΔU is the elastic energy released in crack-opening, so that the
derivative of ΔU with respect to crack propagation will be
the relevant energy to drive the crack. Therefore, ΔU is
proportional to the square of the stress intensity and thereby the
square of h, Eq. (11).
With the force of confining prestress in place and with a
projectile load close to maximum, but before cracking, the
accessible internal energy may be expressed as
U F P Fu F Pu P Pu Fz r r,( )= ( )− ( )− ( )
1
2
1
2
(16)
where F, P and u F u F u Pr z r( ) ( ) ( ), , are the forces from
projectile, confinement pressure and corresponding boundary
displacements of the ceramic cylinder, respectively. The
internal energy is expressed as if the ceramic body is first
squeezed at its cylindrical surface by a constant pressure pcf
and then at its cross-end surfaces, each of area A0, by constant
pressure F A0 . The displacements in Eq. (16) may then be
expressed as
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where R and L are radius and length of the ceramic cylinder
and A R0
2= π its cross-end surface. The difference ΔU can be
expressed as
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where ′U and ′u denote accessible internal energy and
displacement as if the open stable crack is already present when
F is applied. As a first order approximation of Eq. (18), it is
noted that i( ) the volume of the open crack is small and ii( ) at
the moment of its instability, the critical geometry and volume
at the crack are unaffected by P. It is here assumed that ′ui and
Δui can be expressed as
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where ηi are assumed to be small constants. Eq. (18) can now
be expressed as
ΔU F P Fu F Pu P
Fu F
Pu F
Fu F
z z
r
z
r
z
r
z
,( )= ( ) −
( )
( )
++
( )
( )
⎛
⎝
⎜⎜⎜
⎞
η η
η
1
2
1 2
⎠
⎟⎟⎟⎟
⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟⎟
≤
,
0 P F (20)
where, according to inferred assumptions and Eq. [11],
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Eq. (22) gives the effect of confining prestress for a constant
P and an approximate expression of h.
Using Eq. (17), the projectile radius a, the cross-end area of
the ceramic A R0
2= π and the expressions of force, viz.,
F p a= 0 22π and P p RL= cfπ2 , the terms in the third of Eqs.
(22) are expressed as
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where R R a= . The ratio η ηr z is taken to be unit as a first
order of approximation.
Finally, Eqs. (14) and (15) are substituted by Eq. (23) to
express the parameters of the transition pressure p0
∗ for a con-
fining prestress 0≤ pcf relative to that of zero confinement.
3. Experiments
The impact experiments were performed using a reverse
impact technique. The stationary projectiles were suspended in
blocks of Divinycell material (density 45 kg/m3) and mounted
in front of the muzzle of the gun, see Fig. 2. Two different
qualities of silicon carbide materials have been used: SiC-B and
SiC-X1, both materials are from CoorsTek (former BAE
Systems Advanced Ceramics Division and Cercom Inc, Vista,
CA). The SIC-B material was initially delivered as large cylin-
ders with diameter 50 mm and length 50 mm. From these,
smaller cylinders with diameter 20 mm and length 20 mm were
produced. The SiC-X1 material was delivered as cylinders with
diameter 20 mm and length 20 mm.
Data on microstructure, Young’s modulus and fracture
toughness of the SiC-B used has been published byWereszczak
et al. [23] and properties for SiC-X1 has been provided by
CoorsTek. The properties are given in Table 1.
Fig. 2. Experimental set-up showing the stationary projectile suspended in a
block of Divinycell material and mounted in front of the muzzle of the gun.
Images plates and normal intensifier screens and film for the flash X-ray
pictures are placed in the U-shaped cassette below the projectile.
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The Vickers hardness H and the fracture toughness KIc
were estimated by means of a Wholpert macro hardness
indenter equipped with video-system and imaging software.
SiC-B and SIC-X1 samples were carefully polished using a
semi-automatic polishing machine, and each material was
indented 9 times. The fracture toughness was determined
according to Anstis et al. [24]. The estimated Vickers hardness
and fracture toughness of SiC-B and SiC-X1, normalised to
these quantities for SiC-B, are given in Table 2.
The projectiles were flat-ended cylinders made of a sintered
tungsten alloy,Y925 from Kennametal HertelAG [25]. Material
data for the projectile are given in Table 3.
The target confinement consisted of a steel tube (Böhler
W725, Poisson’s ratio νs = 0 3. and Young’s modulus
Es GPa=186 ). The external diameter of the steel tube was
originally 30 mm and its internal diameter was 0.07 mm
smaller than the diameter of the ceramic cylinder. Shrink fit was
achieved by heating the steel tube to about 500 °C before insert-
ing the ceramic cylinder. After cooling, the confinement was
machined to final shape with tube wall thicknesses t =1, 2 and
4 mm, respectively. The shrink fit resulted in a confining pre-
stress pcf on the ceramic cylinder estimated by
p
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where δ is the difference between the radius of the ceramic
cylinder and the interior radius of the confining steel tube. Both
the ceramic cylinders and the confining steel tubes were ground
to final dimensions. The variation in ceramic and steel tube
diameters gave a maximal variation in δ of the order of
0.005 mm.
The front surface of the ceramic target was protected with a
circular copper cover. The copper cover is expanded in its
central part to a cylinder. It was glued onto the front surface
along the rim. The geometries of the four target types used are
shown in Fig. 3. The different target types are labelled (a)–(d),
corresponding to unconfined, 1, 2 and 4 mm thick confinement,
respectively. The different test series are summarised in Table 4.
The impact velocity and target response were evaluated from
flash X-ray pictures. A 150 kV X-ray system was used together
with image plates for the velocity pictures taken before the
interaction. For the penetration pictures, a 450 kV X-ray system
was used together with both the image plates and normal inten-
sifier screens and X-ray film. The 450 kV flashes were posi-
tioned at the same distance from the barrel and radially
separated by 30°. The image plate picture was digitised using a
laser scanner. The X-ray films were digitised using a flat-bed
scanner. Enhancement was achieved by image-processing (con-
trasts, edges etc.) before evaluation. The uncertainty in the
impact velocity evaluation, due to limited X-ray image resolu-
tion, measurement errors etc., was within ±5 m/s.
The transition velocity v0
∗ was estimated by systematically
varying the impact velocity v0. Ideally, the transition occurs at
a well-defined impact velocity, but in practice it is only possible
to determine a velocity interval in which the transition occurs.
The lower and upper limits of this interval correspond to the
highest impact velocity observed without penetration and the
lowest impact velocity with penetration. The transition velocity
was estimated as the centre-point of this interval. The velocity
interval was indicated by adding ± half the length of the interval
to the estimated transition velocity. Typically 4–8 impact tests
were needed in order to determine the transition velocity
Table 1
Material data for SiC-B and SiC-X1.
Ceramic Density
/(g·cm−3)
Grain size
/μs
Young’s modulus
K /GPa
Poisson’s ratio
ν
Fracture toughness
KIc MPa m( )
SiC-B 3.20 ± 0.04 3.01 ± 1.81 446 ± 1 0.154 ± 0.003 4.13 ± 0.07
SiC-X1 3.24 Unavailable 455 0.14 3.0
Table 2
Hardness and fracture toughness for SiC-B and SiC-X1.
Ceramic Hardness
H HSiC-B
Fracture toughness
K KIc Ic SiC-B( )
SiC-B 1.00 ± 0.12 1.00 ± 0.35
SiC-X1 1.15 ± 0.09 0.90 ± 0.04
Table 3
Material data for the projectile material Y925.
Projectile Density
ρp g cm⋅( )−3
Bulk modulus
Kp GPa
Yield strength
σ yp GPa
Y925 17700 285 1.3
Fig. 3. Target types: (a) unconfined, (b) confined t = 1 mm, (c) confined
t = 2 mm, (d) confined t = 4 mm. Dimensions are in mm.
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within ± 50 m/s, viz., a total number of 44 impact experiments
has been performed.
4. Results
Examples of X-ray pictures from the impact tests are shown
in Figs. 4 and 5. Fig. 4 shows an unconfined SiC-X1 target
under a state of interface defeat while Fig. 5 illustrate the
phenomena of interface defeat for four different levels of pre-
stress: pcf = 0, 56, 101 and 168 MPa.
The transition velocities v0
∗ determined from the impact
experiments and corresponding projectile pressures at
transition p0
∗ calculated from Eqs. (1)–(3) are shown in
Table 5 together with estimated levels of confining prestress pcf
according to Eq. (24).
The principal surface z a1 used as crack-path in the model
and the principal stress σ1 0p along the crack are shown in
Fig. 6 versus radial crack extension r a for different levels of
confining prestress p pcf 0 , Eqs. (4), (5) and (7)–(9). The criti-
cal crack extension r ac , determined as a root of Eq. (14), is
illustrated in Fig. 7(a) for an unconfined target and Fig. 7(b)
show the function 1 h versus the confining prestress p pcf 0 .
The influence of the fracture toughness KIc of the ceramic
material on the transition pressure is illustrated in Fig. 8.
Experimentally determined as well as estimated transition
velocities and pressures versus prestress are shown in Fig. 9.
Unless otherwise stated, the material data for SiC-B in Table 1
have been used in Figs. 5–8.
5. Discussion
Fig. 4 shows the development of interface defeat at an
impact velocity just below the transition velocity in an uncon-
fined SiC-X1 target. The copper cover in front of the ceramic
reduces the initial effect of impact by establishing erosion of the
projectile before the latter reaches the ceramic surface. Other
studies [10,26] have shown that after radial flow had been
established, it continued steadily for a long time, i.e., the pro-
jectile load can be seen as quasi-static. Although the transition
velocity increases with prestress, the velocity interval from
interface defeat to penetration remains narrow and is not
affected by the prestress and the flow onto of the ceramic
surface look similar for the different targets, see Fig. 5.
The effect of prestress is clearly seen in the experiments; the
transition from interface defeat to penetration is moved to sig-
nificantly higher levels as the confining pressure increases. The
velocity at transition in unconfined SiC-X1 target was found to
be 982 m/s whereas a confining pressure of pcf MPa≈ 56
increased this transition velocity to 1367 m/s. This relatively
low level of prestress almost doubles the projectile pressure at
transition. The two leftmost open circles in Fig. 9 correspond to
these values. Further increase of the confining pressure did not
show the same strong influence and a transition velocity of
≈1500 m s was found unaffected in spite of increased con-
fining pressure from 100 to 168 MPa. The SiC-B seams to
behave in a similar way as the SiC-X1, though no data is
available in-between unconfined and 168 MPa of prestress.
Table 4
Targets and projectiles used in the impact experiments.
Series Target Ceramic Projectile
Type Confinement
t /mm
Prestress
pcf MPa
Type Diameter
2R/mm
Length
L /mm
Diameter
2a/mm
Length
/mm
Ref.
3 a 0 0 SiC-B 20 20 2.0 120 [11]
4 a 0 0 SiC-X1 20 20 2.0 80
6 b 1 56 ± 9 SiC-X1 20 20 2.0 80
7 c 2 101 ± 16 SiC-X1 20 20 2.0 80
8 d 4 168 ± 26 SiC-B 20 20 2.0 120 [10]
9 d 4 168 ± 26 SiC-X1 20 20 2.0 80
Fig. 4. X-ray pictures of Y925 projectile and unconfined SiC-X1 target at
four different times after impact. The time interval between the pictures is
10 μs. The impact velocity v0 967= m s is slightly below the transition
velocity v0 982 15
∗ ±= m s.
Fig. 5. X-ray pictures of Y925 projectiles and SiC-X1 targets with four levels
of prestress under a state of interface defeat: (a) t = 0 mm , v0 967= m s ,
(b) t =1mm , v0 1347= m s , (c) t = 2 mm , v0 1508= m s and (d)
t = 4 mm , v0 1485= m s .
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Although the number of experiments is not sufficient for a
statistical analysis, the SiC-B seems to perform slightly better
than SiC-X1. This could be a result of the slightly higher frac-
ture toughness for SiC-B or due to natural variations in the
properties of the projectile which determines the transition
pressure. Use of Eqs. (1)–(3) and typical uncertainties for the
material data in Table 3 give an indication of an maximum error
in transition pressure within ±1.7 GPa, i.e., the observed
differences between SiC-B and SiC-X1 may simply be within
statistical fluctuations.
The SiC-X1 experiments indicate a shift in behaviour for a
confining prestress around 100 MPa. This is illustrated with two
grey sectors in Fig. 9(a) and (b). The shift may indicate that
another fracture mode, e.g., modus-II cracking, has been acti-
vated. A higher transition velocity for a similar combination of
ceramic and projectile materials has been reported [8] but then
Table 5
Transition velocities and corresponding estimates of the projectile pressure. The superscript * is used to denote critical/threshold quantities.
Series Target Ceramic Prestress
pcf MPa
Transition velocity
v0
1∗ ⋅( )−m s
Projectile pressure
p0
∗ GPa
Relative pressure
p pcf 0
∗ %
Ref.
3 a SiC-B 0 1028 ± 23 13.12 ± 0.45 0 [11]
4 a SiC-X1 0 982 ± 15 12.25 ± 0.28 0
6 b SiC-X1 56 ± 9 1367 ± 20 20.75 ± 0.52 0.27
7 c SiC-X1 101 ± 16 1531 ± 23 25.27 ± 0.68 0.40
8 d SiC-B 168 ± 26 1549 ± 19 25.80 ± 0.57 0.65 [10]
9 d SiC-X1 168 ± 26 1517 ± 17 24.86 ± 0.50 0.68
Fig. 6. (a) Crack path z a and (b) principal tensile stress along crack path σ1 0p versus radial crack extension r a for different levels of confining prestress.
Fig. 7. (a) Principal tensile stress σ1 0p (solid curve) and critical stress σc/p0 (dashed curve) along the crack (r/a) for an estimated stress state at the point of
transition in an unconfined target p pcf 0 0= . (b) The function 1 h (solid curve) versus confining prestress p pcf 0 .
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with strong axial and radial confinement. Such a high overall
confining pressure could affect both modus-I and II fracture.
The model for the projectile pressure in Eqs. (1)–(3) gives
similar results as numerical simulations in [17] where more
detailed material models for both the tungsten and the SiC
material were used. The projectile pressure distribution used
here is not identical to the one in [17] but gives only minor
changes in the overall stress distribution and does not apprecia-
bly change the results.
The influence of the confining prestress in the model con-
sists of two parts: (i) the change in tensile stress field due to the
prestress and (ii) the influence of prestress on the opening
process of the crack itself. The model for the tensile stress over
the crack assumes that the stress field will be unaffected by the
crack. This is a simplification but does not significantly change
the general behaviour of the model. Fig. 6 shows that the
principal tensile stress over the crack decreases and changes
direction towards the impact surface as a result of the confining
prestress. This will gradually reduce the effect of a radial pre-
stress on the crack propagation.
A valid solution r ac of Eq. (13) is assumed to exist for a
projectile pressure sufficient to satisfy Eq. (12) and so that
is the largest of the three-root solution. The critical crack
length is therefore a constant for each grade of prestress since
in Eq. (13) is a fix function. In agreement with this
assumption, Fig. 7(a) shows the estimated critical radial crack
extension r ac = 6 4. for an unconfined target.
The influence of prestress on the opening of the crack is
approximated by an energy model, that is, the change ΔU of
the accessible part U of the internal elastic energy of the
ceramic material. The effect is described by the function of
external load and crack geometry h, see Fig. 7(b).
Eq. (14) and Fig. 8 show that the model influence of fracture
toughness on the transition from interface defeat to penetration
is strong; the transition pressure at transition is directly propor-
tional to the fracture toughness of the ceramic material. This is
in line with the experimental findings in [10] where the transi-
tion velocity was determined for four different silicon carbide
materials with slightly different fracture toughness.
The model shows an approximately linear relation between
confining prestress and the transition pressure and that this
corresponds to the experimental data for prestress
0 100≤ ≤p MPacf . But the model underestimates the influ-
ence of prestress with a factor of two relative to the experiments
in this interval. The main hypothesis for the deviation between
model and experiments is that the real confining prestress is
higher than estimated by Eq. (24). The reason for this is that
dynamic effects, e.g., the inertia of the confinement, have not
been taken into account, neither in the model nor in Eq. (24). A
dynamic effect would probably shift the experimental data
towards higher prestress values and at the same time increase
the gradient of the function h. A more detailed analysis of a
possible dynamic effect is not within the scope of this paper and
will probably require some type of continuum mechanic code.
Fig. 8. Estimate of maximum projectile pressure at transition p0
∗ versus con-
fining prestress pcf for three different levels of ceramic fracture toughness:
KIc = 3 (dashed curve), 4 (solid curve) and 5 MPam½ (dotted curve),
respectively.
Fig. 9. (a) Estimated maximum projectile pressure at transition p0∗ and (b) transition velocity v0∗versus confining prestress pcf . Experiments with SiC-B are marked
with filled circles and SiC-X1 with open circles, respectively. Error bars indicate maximum and minimum values for projectile velocity, projectile pressure and
confining prestress, respectively. Solid curve: model estimate, grey sectors: graphical illustration of a possible two mode behaviour, respectively.
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6. Conclusions
The main conclusions of this study can be summarised as
follows: (i) An analytical model for the relation between pro-
jectile pressure and propagation of a cone crack under a state of
interface defeat in a ceramic target has been formulated. The
model connects the effects of fracture toughness and confining
prestress of the ceramic to the transition from interface defeat to
penetration. (ii) The model shows a strong influence of radial
prestress; the projectile pressure at transition increases linearly
with the level of prestress. (iii) Impact experiments with four
different levels of prestress show that prestress has a stronger
influence than predicted by the model; the maximum possible
contact pressure at transition is more than doubled if prestress is
increased from zero to around 100 MPa. (iv) Further increase of
the confining pressure did not show the same influence and a
transition velocity of ≈1500 m s was found unaffected in
spite of increased confining pressure. (v) The model shows a
similar behaviour compared to the lower interval of prestress,
but underestimates the influence of prestress with a factor of
two. (vi) The main hypothesis for the deviation between model
and experiments is due to dynamic effects which will increase
the confining prestress relative to the one estimated by the
quasistatic model.
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